The effects of pressure on the structural and elastic properties of orthorhombic TiAl are investigated using first-principles calculations based on density functional theory within the projector augmented wave method. The calculated lattice parameters at 0 GPa are in good agreement with the available experimental data. The pressure dependence of the normalized lattice parameters and the single crystal elastic constants are investigated. By the elastic stability criteria under pressure, it is found that orthorhombic TiAl is mechanically stable under pressure up to 100 GPa. The elastic moduli and Poisson's ratio under pressure up to 100 GPa are calculated using the Hill average method. The ductility/brittleness under pressure are evaluated, and a critical pressure for brittle-to-ductile transition is found to be 40 GPa. The elastic anisotropy and Debye temperature under different pressure are estimated from the calculations.
Introduction
Intermetallic alloys based on γ-TiAl are widely considered as promising high-temperature structural materials for aerospace and automotive applications because of their low density, high strength, and good high temperature resistances to creep, oxidation, and corrosion [1] . However, these alloys have the serious drawback of their low ductility that also results in their limited hot workability. One strategy to improve their ductility and hot workability is to employ a combination of alloying and heat treatments to encourage the formation of more ductile phases. Nevertheless, the strategy can also induce the formations of some lower symmetry ordered phases which are constituents of the microstructure [1] [2] [3] . As a significant constituent, the orthorhombic B19-TiAl phase is commonly observed in TiAl-based alloys [2] [3] [4] [5] [6] [7] .
Although some experiments have been reported with the aim of understanding the B19-TiAl phase, theoretical calculations are still rare. Using first-principles calculations, Nguyen-Manh and Pettifor [8, 9] successfully investigated the structural phase transitions related to the B19-TiAl phase. Recently, Holec et al. [10] investigated the preferential site occupations of ternary elements in the B19-TiAl. Most recently, Wen et al. [11] investigated the structural stability and the elastic and mechanical properties of the B19-TiAl at ground state. However, to our knowledge, the influence of pressure on the structural, elastic, and mechanical properties of the B19-TiAl has not been reported so far.
In this work, we will use first-principles calculations to further investigate the structural, elastic, and mechanical properties of orthorhombic B19-TiAl under pressure. The rest of the manuscript is B V = (C 11 + 2C 12 + 2C 13 + C 22 + 2C 23 + C 33 )/9, G V = (C 11 − C 12 − C 13 + C 22 − C 23 + C 33 + 3C 44 + 3C 55 + 3C 66 )/15.
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The Reuss bounds on bulk (B R ) and shear (G R ) moduli are defined as [26] B R = χ[C 11 (C 22 
The Hill averages of bulk (B) and shear (G) moduli are obtained by [24] B = (B V + B R )/2,
The effective moduli can be used to calculate the Young's modulus (E) and Poisson's ratio (ν) by
In addition, the elastic anisotropy and Debye temperature can be estimated in terms of the above elastic constants and isotropic moduli. The single crystal shear anisotropy factors A {100} in {100} planes, A {010} in {010} planes, and A {001} in {001} planes are defined as [27] A {100} = 4C 44 /(C 11 + C 33 − 2C 13 ),
The deviation of A {100} and A {001} from one is a measure of the shear anisotropy. The percentage anisotropy in compressibility (A B ) and shear (A G ) is defined as [28] 
A zero value of A B and A G corresponds to elastic isotropy, while a value of 100% corresponds to the largest possible anisotropy. The universal anisotropy index (A U ) is defined as [29] 
A nonzero value of A U is a measure of the anisotropy. The Debye temperature (Θ D ) is calculated as [30] Θ
where h is the Plank's constant, k is Boltzmann' constant, n is the number of atoms per unit cell, N A is Avogadro's number, and ρ is the mass density of the crystal. V m is the average elastic wave velocity, which is given by
where V l and V t correspond to the longitudinal and transverse elastic wave velocities, which are given by [31] 
Results and Discussion
The orthorhombic B19-TiAl has Pmma space group, and its crystal structure is shown in Figure 1 . The experimental and theoretical structural parameters are presented in Table 1 . Note that the present lattice parameters and elastic constants are obtained by using the method of Wen et al. [11] . From the selected-area electron diffraction patterns, the lattice parameters were estimated by Abe et al. [2] to be a = 4.5 Å, b = 2.8 Å, and c = 4.9 Å, and by Ducher et al. [5] to be a = 4.65 Å, b = 2.828 Å, and c = 4.94 Å, respectively. In the unit cell, there are two Ti and two Al atoms at 2e (1/4, 0, 5/6) and 2f (1/4, 1/2, 1/3) Wyckoff positions, respectively [5] . In the present study, the lattice parameters of the orthorhombic TiAl at 0 GPa are calculated to be a = 4.632 Å, b = 2.863 Å, and c = 4.895 Å, which are in good agreement with the corresponding experimental values [2, 5] . Ti and Al atoms occupy the respective Wyckoff positions 2e (1/4, 0, 0.83983) and 2f (1/4, 1/2, 0.33919) in the theoretically optimized unit cell, which agree with the respective experimental values [5] . Figure 2 shows the pressure-dependent parameters a/a0, b/b0, c/c0, V/V0, a/b, and c/b of the orthorhombic TiAl, where a0, b0, c0, and V0 are the equilibrium lattice constants and primitive cell volume at 0 GPa. In Figure 2a , the normalized lattice parameters and cell volume decrease with increasing pressure. By fitting these zero temperature theoretical data under different pressure with a second-order polynomial, we obtain the following relational expressions: 
The goodness of fit for the equations are 0.996 for a/a0, 0.996 for b/b0, 0.998 for c/c0, and 0.993 for V/V0. From the first-order coefficients of these function expressions, one can find that when the pressure increases, the normalized lattice parameter a/a0 decreases most quickly, followed by c/c0; b/b0 decreases most slowly, indicating that the a axis is most easily compressed, while the b axis most difficultly. In Figure 2b , the ratios a/b, c/b, and a/c decrease slightly with increasing pressure. Figure 2a , the normalized lattice parameters and cell volume decrease with increasing pressure. By fitting these zero temperature theoretical data under different pressure with a second-order polynomial, we obtain the following relational expressions: Figure 2a , the normalized lattice parameters and cell volume decrease with increasing pressure. By fitting these zero temperature theoretical data under different pressure with a second-order polynomial, we obtain the following relational expressions: 2.62120 10 .
The goodness of fit for the equations are 0.996 for a/a0, 0.996 for b/b0, 0.998 for c/c0, and 0.993 for V/V0. From the first-order coefficients of these function expressions, one can find that when the pressure increases, the normalized lattice parameter a/a0 decreases most quickly, followed by c/c0; b/b0 decreases most slowly, indicating that the a axis is most easily compressed, while the b axis most difficultly. In Figure 2b , the ratios a/b, c/b, and a/c decrease slightly with increasing pressure. The goodness of fit for the equations are 0.996 for a/a 0 , 0.996 for b/b 0 , 0.998 for c/c 0 , and 0.993 for V/V 0 . From the first-order coefficients of these function expressions, one can find that when the pressure increases, the normalized lattice parameter a/a 0 decreases most quickly, followed by c/c 0 ; b/b 0 decreases most slowly, indicating that the a axis is most easily compressed, while the b axis most difficultly. In Figure 2b , the ratios a/b, c/b, and a/c decrease slightly with increasing pressure. Table 2 lists the calculated results of the single crystal elastic constants of the orthorhombic TiAl under pressure up to 100 GPa. All of the computed elastic constants have been corrected according to the procedure described by Mahmoud et al. [32] . It can be found that (except for C 44 and C 55 ) other elastic constants increase monotonously with increasing pressure. The C 11 , C 22 , and C 33 are susceptible to the pressure, while the C 12 , C 13 , C 23 , and C 66 have little variations under pressure. As the pressure increases, the C 44 and C 55 firstly increase and then start to decrease after 70 GPa and 90 GPa, respectively. Although no available experimental and theoretical data are employed to cross-check the present results, these results can provide a useful reference for future studies. Moreover, the elastic stability criterion for orthorhombic crystals under isotropic pressure is as follows [33, 34] :
It is obvious that the theoretical elastic constants of the orthorhombic TiAl under different pressure can satisfy the elastic stability criterion, making the orthorhombic cell mechanically stable. To ensure the stability of the orthorhombic TiAl, the phonon spectra are calculated at 0 GPa and 100 GPa (see Figure 3 ). There are no imaginary frequencies, indicating that the orthorhombic TiAl can be stable up to 100 GPa. Table 2 lists the calculated results of the single crystal elastic constants of the orthorhombic TiAl under pressure up to 100 GPa. All of the computed elastic constants have been corrected according to the procedure described by Mahmoud et al. [32] . It can be found that (except for C44 and C55) other elastic constants increase monotonously with increasing pressure. The C11, C22, and C33 are susceptible to the pressure, while the C12, C13, C23, and C66 have little variations under pressure. As the pressure increases, the C44 and C55 firstly increase and then start to decrease after 70 GPa and 90 GPa, respectively. Although no available experimental and theoretical data are employed to cross-check the present results, these results can provide a useful reference for future studies. Moreover, the elastic stability criterion for orthorhombic crystals under isotropic pressure is as follows [33, 34] 
It is obvious that the theoretical elastic constants of the orthorhombic TiAl under different pressure can satisfy the elastic stability criterion, making the orthorhombic cell mechanically stable. To ensure the stability of the orthorhombic TiAl, the phonon spectra are calculated at 0 GPa and 100 GPa (see Figure 3 ). There are no imaginary frequencies, indicating that the orthorhombic TiAl can be stable up to 100 GPa. Figure 3 . The phonon spectra of the orthorhombic TiAl at 0 GPa and 100 GPa. Table 3 lists the calculated results of the bulk modulus B, shear modulus G, Young's modulus E, and Poisson ratio ν of the orthorhombic TiAl under pressure up to 100 GPa. It is obvious that each of B, G, E, and ν increases with increasing pressure. The bulk modulus (Beq) obtained using a BirchMurnaghan equation of state (DOS) fitting the volume-energy data at a given pressure is also listed in Table 3 for comparison [35] . The EOS-fitted bulk modulus is in excellent agreement with the value obtained from elastic calculations. The zero-pressure bulk modulus of the orthorhombic TiAl is very Figure 3 . The phonon spectra of the orthorhombic TiAl at 0 GPa and 100 GPa. Table 3 lists the calculated results of the bulk modulus B, shear modulus G, Young's modulus E, and Poisson ratio ν of the orthorhombic TiAl under pressure up to 100 GPa. It is obvious that each of B, G, E, and ν increases with increasing pressure. The bulk modulus (B eq ) obtained using a Birch-Murnaghan equation of state (DOS) fitting the volume-energy data at a given pressure is also listed in Table 3 for comparison [35] . The EOS-fitted bulk modulus is in excellent agreement with the value obtained from elastic calculations. The zero-pressure bulk modulus of the orthorhombic TiAl is very close to that of pure α-Ti (117 ± 9 GPa) [36] , but is significantly larger than that of pure Al (73 GPa) [37] . Additionally, the zero pressure bulk modulus of the orthorhombic TiAl falls within the range of 97 ± 3 GPa to 124 ± 6 GPa for β-Ti-based alloys [38] . As suggested by Pugh [39] , a material behaves in a ductile manner if G/B <0.5, otherwise it should be brittle. It is clear that the G/B ratio decreases with increasing pressure and has a value of 0.517 at 30 GPa and 0.502 at 40 GPa. According to Frantsevich's rule [40] , a material is brittle if its Poisson's ratio is less than 1/3; otherwise, the material is ductile. It is seen that the Poisson's ratio increases from 0.259 to 0.318 with increasing pressure. As suggested by Pettifor [41] , a material has more metallic (angular) bonds and is thus more ductile (brittle) if it has a larger positive (negative) Cauchy pressure. For an orthorhombic crystal, the Cauchy pressures can be defined as C 23 -C 44 for (100) plane, C 13 -C 55 for (010) plane, and C 12 -C 66 for (001) plane. Figure 4 shows the pressure-dependent Cauchy pressures of the orthorhombic TiAl. In Figure 4a , the positive value of C 23 -C 44 is always large and increases with increasing pressure. In Figure 4b , the values of C 13 -C 55 and C 12 -C 66 also increase on the whole with increasing pressure. At 30 and 40 GPa, the values of C 13 -C 55 correspond to −4.826 and 0.928 GPa, and those of C 12 -C 66 correspond to −1.972 and 0.205 GPa. These show that the orthorhombic TiAl has intrinsic brittleness at pressures smaller than 40 GPa while having intrinsic ductility under higher pressure. Moreover, the Vickers hardness of materials can be expressed as H v = 2(k 2 G) 0.585 − 3, where k = G/B [42] [43] [44] . The calculated values of Vickers hardness for the orthorhombic TiAl under pressure up to 100 GPa are also listed in Table 3 . It is observed that the Vickers hardness firstly increases from 8.936 GPa and then starts to decrease from 11.081 GPa to 9.495 GPa after 60 GPa. close to that of pure α-Ti (117 ± 9 GPa) [36] , but is significantly larger than that of pure Al (73 GPa) [37] . Additionally, the zero pressure bulk modulus of the orthorhombic TiAl falls within the range of 97 ± 3 GPa to 124 ± 6 GPa for β-Ti-based alloys [38] . As suggested by Pugh [39] , a material behaves in a ductile manner if G/B <0.5, otherwise it should be brittle. It is clear that the G/B ratio decreases with increasing pressure and has a value of 0.517 at 30 GPa and 0.502 at 40 GPa. According to Frantsevich's rule [40] , a material is brittle if its Poisson's ratio is less than 1/3; otherwise, the material is ductile. It is seen that the Poisson's ratio increases from 0.259 to 0.318 with increasing pressure. As suggested by Pettifor [41] , a material has more metallic (angular) bonds and is thus more ductile (brittle) if it has a larger positive (negative) Cauchy pressure. For an orthorhombic crystal, the Cauchy pressures can be defined as C23-C44 for (100) plane, C13-C55 for (010) plane, and C12-C66 for (001) plane. Figure 4 shows the pressure-dependent Cauchy pressures of the orthorhombic TiAl. In Figure 4a , the positive value of C23-C44 is always large and increases with increasing pressure. In Figure 4b , the values of C13-C55 and C12-C66 also increase on the whole with increasing pressure. At 30 and 40 GPa, the values of C13-C55 correspond to −4.826 and 0.928 GPa, and those of C12-C66 correspond to −1.972 and 0.205 GPa. These show that the orthorhombic TiAl has intrinsic brittleness at pressures smaller than 40 GPa while having intrinsic ductility under higher pressure. Moreover, the Vickers hardness of materials can be expressed as Hv = 2(k 2 G) 0.585 − 3, where k = G/B [42] [43] [44] . The calculated values of Vickers hardness for the orthorhombic TiAl under pressure up to 100 GPa are also listed in Table 3 . It is observed that the Vickers hardness firstly increases from 8.936 GPa and then starts to decrease from 11.081 GPa to 9.495 GPa after 60 GPa. Figure 5 shows the calculated results of various anisotropy factors under pressure up to 100 GPa. In Figure 5a , as the pressure increases, the value of A {100} decreases monotonously from 0.6793, A {010} firstly increases quickly from 0.8571 and starts to decrease slowly from 1.0251 after 40 GPa, and A {001} decreases slowly on the whole from 1.1295 to 1.0167. A {100} has the largest absolute deviation from one under identical pressure, indicating that the shear anisotropy for the {100} plane is the strongest. The difference of these shear anisotropy factors is due to the variations of the elastic constants with the pressure. In Figure 5b , as the pressure increases, the positive value of A B decreases very slowly from 0.0945%, and A G increases sharply from 1.4370% to 5.1436%. Under identical pressure, the value of A G is significantly larger than the corresponding one of A B . These imply that the anisotropy in shear is stronger than the corresponding one in compressibility. However, the above anisotropy measures ignore the bulk contributions of the elastic stiffness tensor. The universal anisotropy index A U can overcome the limitations. It is clear that the positive value of A U increases with increasing pressure, indicating that the elastic anisotropy of the orthorhombic TiAl increases with increasing pressure.
Table2. The elastic constants
Crystals 2017, 7, 111 7 of 10 Figure 5 shows the calculated results of various anisotropy factors under pressure up to 100 GPa. In Figure 5a , as the pressure increases, the value of A{100} decreases monotonously from 0.6793, A{010} firstly increases quickly from 0.8571 and starts to decrease slowly from 1.0251 after 40 GPa, and A{001} decreases slowly on the whole from 1.1295 to 1.0167. A{100} has the largest absolute deviation from one under identical pressure, indicating that the shear anisotropy for the {100} plane is the strongest. The difference of these shear anisotropy factors is due to the variations of the elastic constants with the pressure. In Figure 5b , as the pressure increases, the positive value of AB decreases very slowly from 0.0945%, and AG increases sharply from 1.4370% to 5.1436%. Under identical pressure, the value of AG is significantly larger than the corresponding one of AB. These imply that the anisotropy in shear is stronger than the corresponding one in compressibility. However, the above anisotropy measures ignore the bulk contributions of the elastic stiffness tensor. The universal anisotropy index A U can overcome the limitations. It is clear that the positive value of A U increases with increasing pressure, indicating that the elastic anisotropy of the orthorhombic TiAl increases with increasing pressure. Table 4 gives the pressure dependence of the mass density, transverse, longitudinal, and average sound velocities, and Debye temperature of the orthorhombic TiAl. It can be found that as the pressure increases, the density ρ increases monotonously, the transverse sound velocity Vt firstly increases from 4098.8 m/s and then starts to decrease from 4876.6 m/s to 4815.2 m/s after 70 GPa, and the longitudinal sound velocity Vl increases monotonously from 7187.0 m/s to 9321.1 m/s. Because of the pressure effect on the transverse and longitudinal sound velocities, the average sound velocity Vm firstly increases from 4555.2 m/s and then starts to decrease from 5447.0 m/s to 5390.9 m/s after 80 GPa. It can also be found that the Debye temperature increases with increasing pressure. Table 4 gives the pressure dependence of the mass density, transverse, longitudinal, and average sound velocities, and Debye temperature of the orthorhombic TiAl. It can be found that as the pressure increases, the density ρ increases monotonously, the transverse sound velocity V t firstly increases from 4098.8 m/s and then starts to decrease from 4876.6 m/s to 4815.2 m/s after 70 GPa, and the longitudinal sound velocity V l increases monotonously from 7187.0 m/s to 9321.1 m/s. Because of the pressure effect on the transverse and longitudinal sound velocities, the average sound velocity V m firstly increases from 4555.2 m/s and then starts to decrease from 5447.0 m/s to 5390.9 m/s after 80 GPa. It can also be found that the Debye temperature increases with increasing pressure. 
Conclusions
The structural and elastic properties of the orthorhombic TiAl under pressure up to 100 GPa have been obtained by the first-principles density functional theory calculations based on the projector augmented wave and the generalized gradient approximation. The equilibrium lattice parameters at 0 GPa are found to be in agreement with the available experimental data. The pressure dependence of the elastic constants, elastic moduli, Poisson's ratio, Cauchy pressure, elastic anisotropy, and Debye temperature are investigated for the first time. By the elastic stability criterion under isotropic pressure, it is found that the orthorhombic TiAl is mechanically stable under pressure up to 100 GPa. By analyzing the Pugh's ratio, Cauchy pressure, and Poisson's ratio, the ductile/brittle behavior of the orthorhombic TiAl is evaluated. It is shown that the ductility of the orthorhombic TiAl increases with increasing pressure and a brittle-to-ductile transition occurs at 40 GPa. Besides, the elastic anisotropy and Debye temperature of the orthorhombic TiAl are found to increase with increasing pressure. Although there is no available experimental and theoretical data under pressure for comparison, the present results can provide a useful reference for future experimental and theoretical works.
